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are to be expected, and it should 
remain a socially defined condition. 
Probably many behavioural variations, 
major and minor (sexual preferences, 
IQ, preference for Coke versus Pepsi, 
maybe even being a psychiatrist) will 
turn out to have correlates in brain 
structure and neurochemistry, and 
sometimes a genetic basis as well. This 
will not mean that being a psychiatrist 
(for example) is something that should 
be treated. But I am hopeful that the list 
will become long (and absurd) enough 
that the surprise factor in finding that 
human behaviour has structural and 
genetic correlates will go away.
Any comments on the increasing 
interest in computational biology? 
Many biologists and neuroscientists feel 
that mathematics and theory have little 
to offer and there is a sense in which 
they are right — there will never be a 
‘theory of everything’ in biology as there 
may be in physics, or even a theory of 
reasonably large bits of it, because that 
would require predicting the directions 
taken by evolution which seems 
impossible given its accidental course. 
So predicting the kinds of solution the 
brain might have come up with in the 
face of specific computational problems 
is fraught with difficulty and empirical 
investigation is usually the best 
option. However, there is still plenty of 
room for computational approaches. 
The best example I can give is that 
you may have what you think is a 
complete reductionist description of 
the behaviours of the components of 
a system, but it may be beyond your 
ability at that point to account for its 
behaviour when all the components are 
put together. You will have to resort to a 
computational model in all probability: if 
the model works, the chances are your 
reductionist description is correct; if not, 
you may have to go back to the lab to 
find out what you have missed — and 
the model will likely help suggest what 
to look for. The Hodgkin and Huxley 
model is a perfect example of that — it 
was necessary to show that the 
empirical description of the ionic events 
underlying the action potential was 
sufficient to account for its shape and 
mathematical modelling was the only 
way to be sure that it was.
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Science tends to advance by 
small redundant steps. But 
sometimes it suddenly enjoys a 
giant leap forward — heliocentric 
Galileo, Newton and gravity, 
Lavoisier and atoms, Maxwell and 
electromagnetism, Einstein’s relativity, 
and so on. Unusually, the giant 
leap that occurred in the biological 
sciences in the middle of the last 
century seems in retrospect to have 
had a strangely inevitable quality 
about it. Perhaps that was because 
physics, which had played such a 
large part in ending World War II, 
was being purged by the move of 
physicists into the innocent pursuit 
of biology, and they were bringing 
with them all those useful isotopes 
plus a happy ignorance of, even 
distaste for, classical biochemistry 
and genetics. If Newton had not 
existed, his analysis of the forces of 
physics might have been delayed for 
another century. If Watson, Crick and 
the X-ray crystallographers of King’s 
College London had not published 
the structure of DNA when they did, 
Pauling would surely have worked 
it out correctly within a few more 
months (though he probably would 
have presented it with less bravura).
These matters have been discussed 
by some of the protagonists and by 
the historians of science, but most 
practising scientists these days 
are too hard pressed to be much 
interested in history. (I remember 
hunting through textbooks of physics 
some years ago to find out who first 
estimated Avogadro’s number and 
being surprised to find that, although 
the actual number was given, 
publishers and authors had apparently 
decided that few students would 
want to know who worked it out or 
how they did it.) At this time, another 
history of the origins of the molecular 
biological revolution would hardly 
interest anyone, especially as an 
entire book has already been written 
about one of the crucial experiments. 
Essay But it is now the 50
th anniversary of 
that experiment, and so this may be 
the right occasion to discuss what 
was the mindset in the years before 
the coming of molecular biology and 
why it was so difficult to make the 
jump into the present way of looking 
at biology. 
Anyone trained in the biology of the 
1940s could learn the fine details of 
glycolysis, but not until the discovery 
that myosin is an ATPase was there 
any link between the breakdown of 
glucose and the real business of 
living. The job of the biochemist, 
it seemed, was to work out the 
pathways of intermediary metabolism 
and the steps of catabolism and 
to purify the enzymes that carried 
out those steps and not to spend 
too much time wondering how 
these clever enzymes were created. 
Enzymes were known to be proteins 
but it was not clear what feature 
enabled a protein to act as an enzyme, 
still less what mechanism could 
ensure that antibodies were shaped 
in exactly the right way so that they 
bind specifically to particular antigens. 
Indeed, the notion of specification 
of exact three-dimensional shape 
seemed to imply that the way proteins 
were created would forever be beyond 
human understanding. 
Geneticists seem to have been 
less pessimistic, perhaps because 
theirs was a subject that rejoiced in a 
multitude of essentially abstract words 
(dominant, recessive, epistatic and 
so on) — the kind of words that are 
designed to avoid the need for further 
thought. The processes underlying 
genetics were, of course, just as 
obscure as those of biochemistry 
but somehow this did not seem 
as worrying, perhaps because few 
geneticists tried to link what they were 
studying to the underlying chemistry 
of genes and chromosomes. Indeed, 
one sophisticated hypothesis, 
announced shortly before the start of 
the molecular biological revolution, 
was that genes should not be thought 
of as actual physical entities.
I remember, when an 
undergraduate, finding these two 
great disciplines equally unattractive. 
I had to read (in German) Warburg’s 
magisterial account of in vitro 
glycolysis by enzymes extracted 
from Escherichia coli, but the whole 
thing seemed boring because of 
its remoteness from the real world 
of living creatures. And genetic 
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chickens with drooping combs) 
seemed almost religious in their 
proliferation of abstract doctrines and, 
like any religion, demanded obeisance 
and a high level of credulity. So I found 
it a relief to turn to the empiricism of 
clinical medicine.
What happened after the war is an 
oft-told tale. A couple of sentences 
are enough. Griffith’s discovery of 
pneumococcal transformation in the 
1920s; Delbrück’s insistence in the 
1930s that the primary problem in 
biology was to discover the physical 
structure of genes; then came Avery’s 
demonstration in 1944 that Griffith’s 
transforming principle was DNA, and 
Hershey’s demonstration in 1953 that 
certain bacteriophages infect cells 
by injecting their DNA; these led to 
Watson and Crick’s discovery that 
DNA has a structure which suggests 
that genetic information is essentially 
one-dimensional and that we no 
longer have to consider instruction 
in three dimensions. Furthermore, 
to prove its bona fides, the structure 
of DNA immediately suggested how 
it could be copied. (As Al Hershey 
said later, this was perhaps the 
first time a study of structure had 
implied mechanism.) With hindsight, 
there is the further obvious thought 
that life could not have evolved 
without divine intervention if the only 
system for storing and replicating 
biological information were fiendishly 
complicated.
Most biologists did not learn of 
this revolution for several years, 
partly, I think, because those few who 
were aware of it probably felt it was 
too good to be true and therefore 
should not be talked about with total 
confidence. Is biological information 
really stored as the sequence of 
bases in DNA, as a one-dimensional 
code? Is the function of the code to 
specify the amino-acid sequence of 
all those proteins which determine 
what goes on within cells? And lastly, 
are there enzymes that can copy base 
sequence into new DNA strands? 
The next few years saw these 
misgivings gradually resolved. But the 
first best-selling molecular biological 
texts — the 1963 CSH Symposium 
and the first edition of Jim Watson’s 
great textbook — did not come out 
for another 10–12 years, because 
it took some time for the vision to 
acquire a solid base. Also, there was 
considerable, though now mercifully forgotten, opposition from some 
members of the biochemical and 
cancer establishments, who wanted 
to hang on to the belief that proteins 
were the site of all biological wisdom. 
I am not sure of the exact timing, but 
the following were, I think, the key 
observations that settled the minds of 
the pioneers.
Using tritium — an isotope which 
emits a very short-ranged electron 
and was one of the products of the 
Manhattan Project — Herb Taylor was 
able to label Vicia faba chromosomes 
with tritiated thymidine and show 
that the DNA in each chromosome 
apparently consists of two parts, one 
newly synthesized and one that had 
been made in an earlier generation, 
and that these acquire new partners 
and separate into the two daughter 
chromatids when the chromosome 
is replicated. Furthermore, when 
subsequent sister chromatid 
exchange occurs, the two parts of 
each chromosome appear to be like 
the two strands of double- stranded 
DNA in having opposite polarity. 
Though this was exactly what Jim 
Watson and Francis Crick had 
predicted, it was hard to imagine that 
each chromosome consisted of a 
single, unimaginably vast molecule 
of DNA. So Taylor proposed a 
complicated system of protein linkers 
in each chromosome, joining up a lot 
of DNA molecules in series.
Within a year, two postdocs at 
Caltech, Matt Meselson and Frank 
Stahl, published a somewhat similar 
experiment using E. coli [1]. Theirs 
was one of the most beautiful 
experiments in the history of biology, 
so much so that it has been the 
subject of a whole book [2]. Being 
somewhat leery of what effect 
radioactive isotopes might have 
on cells, they used heavy nitrogen 
(the stable isotope 15N) to label the 
bacteria over several generations (so 
that, in most cells, all the DNA was 
denser) and then transferred the cells 
to light (14N) medium and watched the 
change in density of the DNA over the 
next two generations. The experiment 
showed that after one generation all 
the heavy (HH) DNA had acquired 
intermediate density (heavy-light), 
and after a further generation, half 
that DNA had stayed HL and half 
had become LL. This of course was 
exactly the behaviour expected from 
the two-stranded structure of DNA 
and had already been given the name ‘semi-conservative replication’ by Max 
Delbrück and Gunther Stent (who, 
however, had not believed that the 
two strands of the DNA double helix 
could possibly separate in that way). 
The experiment also showed that 
every piece of DNA in these bacteria is 
replicated once before any piece has 
been replicated twice, indicating that 
replication is ordered and regulated. 
There were, however, some niggling 
doubts, not least of all the thought 
that the two strands that made up 
the structure seen by Watson and 
Crick could not conceivably separate, 
because in doing so they would have 
to unwind from each other at several 
thousand revolutions per  
minute (a problem resolved only  
much later when various  
DNA-unwinding and winding enzymes 
were discovered). So some people 
at this point thought that the DNA 
in cells might conceivably be in the 
form of two double helices loosely 
bound together and lying side by 
side. Eventually these doubts were 
laid to rest, the simplest evidence 
being that the DNA from various 
bacteriophages and from E. coli had 
the correct molecular weight per 
length for a double- stranded molecule 
(some additional biophysical evidence 
said the same thing). Indeed, it now 
seems likely that each eukaryotic 
chromosome contains a single vast 
molecule of DNA. 
Plainly, the nucleotide sequence in 
DNA could provide enough information 
to make a virus or a cell (for example, 
this article contains about the same 
number of letters as the RNA in HIV, 
and the DNA in each of our cells 
contains the equivalent of roughly ten 
times more letters than the complete 
Encyclopædia Britannica). But to set 
the molecular biological revolution 
on a firm footing it was necessary 
to show that there are enzymes that 
can make new DNA strands with the 
correct sequence, complementary to 
the sequence present in an existing 
template strand. And this was done 
in 1958, when Arthur Kornberg 
isolated a DNA polymerase from E. 
coli that, a few years later, was shown 
to be sufficiently error-free to make 
biologically active copies of DNA  
in vitro. 
Within five years of the discovery 
of the structure of DNA, therefore, 
the basis for the revolution in biology 
was firmly established. It is worth 
noting, however, that apart from 
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date and these display a fantastic 
variety of form, while retaining a highly 
conserved basic body plan. Functional 
analysis of some of the most striking 
morphological features has yielded 
elegant adaptive explanations in some 
cases, but other features still defy 
satisfactory explanation. For example, 
the shape and structure of the large 
calcitic lenses in some trilobites are 
exquisitely adapted to overcome 
spherical aberration; however, the 
function of the striking trident-like 
projections extending forward from the 
head remains an enticing mystery.
What can they tell us about 
evolution? Trilobite species provide 
excellent examples of both prolonged 
morphological stasis and slow, 
incremental change during evolution. 
The convergence of different trilobite 
lineages upon common adaptive 
strategies, such as the tendency 
toward tight enrolment as protection 
against predators, attests to how biotic 
interactions influenced evolutionary 
change within the group. Likewise, 
repeated patterns of evolutionary 
radiation in species diversity followed 
Trilobites
Nigel C. Hughes
What are trilobites? Trilobites 
are a fossil group of extinct marine 
arthropods with a heavily calcified 
external skeleton that populated 
the oceans from about 520 million 
years ago to about 250 million 
years ago. Their name — meaning 
three- lobed — derives from the 
distinction between the elevated 
longitudinal axis and the flatter regions 
that bound it. The trilobite body is 
divided from anterior to posterior into a 
distinct head region in which the mouth, 
stomach, eyes, and antennae were 
located, and a trunk region in which the 
segmented body construction is more 
clearly evident. In mature trilobites, the 
trunk is further divided into the thoracic 
region, in which the skeletal segments 
are articulated with their neighbours, 
and the terminal shield or pygidium 
within which all segments were rigidly 
conjoined (Figure 1). The oldest eyes 
known are the compound eyes of 
trilobites. Non-biomineralised cuticle 
is occasionally preserved, having been 
described for about 20 species. 
Do they have close living relatives? 
Their closest relatives have been 
thought to be horseshoe crabs, 
spiders and scorpions; trilobites 
certainly resemble horseshoe crabs 
in overall body shape. But recent 
renewed focus on the evolution of 
the arthropod head emphasises 
similarities between the trilobite 
antennae and those of  
mandible-bearing arthropods, such as 
myriapods, insects and crustaceans. 
These mixed taxonomic signals may 
reflect the fact that, aside from their 
peculiarities, trilobites did not depart 
far from the form of the common 
ancestor of all living arthropods, 
particularly in the overall low degree 
of limb and body specialization 
(tagmosis) and the extended, gradual 
pattern of development achieved 
through a protracted series of 
free- living moult stages (instars). 
Is there significant diversity within 
the group? Over 22,000 species of 
trilobites have been described to 
Quick guides
Figure 1. Dalmanites limulurus limulurus from 
the lower Silurian Rochester Shale Formation 
of Monroe Country, New York. Specimen is 
60 mm long. Collector/preparatory — Gerry 
Kloc; photographer — Dr. Tom Whiteley.Avery’s purification of transforming 
principle and Kornberg’s purification 
of the first DNA polymerase, the 
experiments I have described were 
of a new type where what might be 
called the chemical behaviour of 
genetic material was being analysed 
without the benefit of purification. 
And this has become the new style 
in biology, inaugurated in the late 
1950s by Taylor, Meselson and Stahl. 
It was, however, rather too unorthodox 
for some biochemists. For example, 
a few years later Sydney Brenner’s 
group in Cambridge, using unpurified 
extracts of phage-infected E. coli, 
demonstrated that a genetic map 
(based on linkage data for mutations 
within a gene) was co-linear with the 
amino-acid sequence of the protein 
encoded by that gene, and this 
experiment so incensed a very famous 
biochemist that he said he would fire 
anyone in his laboratory that ever 
referred to it again!
In the 50 years since then, molecular 
biology has continued to pour forth 
a stream of delightful discoveries, 
each adding new actors to the 
drama — the manner of regulation of 
gene expression in bacteria (largely a 
French contribution), the melting and 
reannealing of nucleic acids, the code, 
mRNA, chaperones, prions, siRNA, the 
antiquity and catalytic power of rRNA, 
and so on — a landscape teeming 
with excitement. These have been 
happy years. As Wordsworth wrote 
about a very different revolution “Bliss 
was it in that dawn to be alive but to 
be young was very heaven”. 
Will biology ever see another 
revolution like this? As things stand, 
it seems unlikely. It took Avery about 
10 years to complete the purification 
of transforming principle. Neither he, 
nor Hershey, Taylor, Meselson or Stahl 
had to bother themselves with the 
endless writing of grants. With the 
present forms of support for science, 
I suspect that not one of them could 
have persuaded an NIH Study Section 
to fund their own particular adventure 
into the unknown.
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